The background selection hypothesis predicts a reduction in nucleotide site diversity and an excess of rare variants, owing to linkage associations with deleterious alleles. This effect is expected to be amplified in species that are predominantly self-fertilizing. To examine the predictions of the background selection hypothesis in self-fertilizing species, we sequenced 1,362 bp of adh1, a gene for alcohol dehydrogenase (Adh; alcohol:NAD ؉ oxidoreductase, EC 1.1.1.1), in a sample of 45 accessions of wild barley, Hordeum vulgare ssp. spontaneum, drawn from throughout the species range. The region sequenced included 786 bp of exon sequence (part of exon 4, all of exons 5-9, and part of exon 10) and 576 bp of intron sequence (all of introns 4-9). There were 19 sites polymorphic for nucleotide substitutions, 8 in introns, and 11 in exons. Of the 11 nucleotide substitutions in codons, 4 were synonymous and 7 were nonsynonymous, occurring uniquely in the sample. There was no evidence of recombination in the region studied, and the estimated effective population size (N e ) based on synonymous sites was Ϸ1.8-4.2 ؋ 10 5 . Several tests reveal that the pattern of nonsynonymous substitutions departs significantly from neutral expectations. However, the data do not appear to be consistent with recovery from a population bottleneck, recent population expansion, selective sweep, or strong positive selection. Though several features of the data are consistent with background selection, the distributions of polymorphic synonymous and intron sites are not perturbed toward a significant excess of rare alleles as would be predicted by background selection.
The fundamental goal of population genetics is a quantitative assessment of the various forces of evolution in shaping patterns of genetic diversity. There are five forces to quantify: mutation, selection, genetic random drift, migration, and recombination. The forces of selection, genetic random drift, and migration have been notoriously difficult to quantify because they interact in complex ways. The estimation of gene genealogies (gene trees) from DNA sequence samples drawn from species or populations provides a powerful approach to this classical problem. The reasons that gene trees are potentially powerful are (i) they estimate patterns of identity-bydescent among alleles thus bringing the objects of observation into a much closer correspondence with population genetic theory, and (ii) the coalescence framework integrates over a period of time of the order of the effective population size thus greatly enhancing the power to detect selection (reviewed in ref. 1) .
The primary statistic describing a sample of DNA sequences is , which is equal to 4N e (where N e is the effective population size and is the mutation rate per generation), assuming that the sample has been generated by a strict drift-mutation process at equilibrium (neutral process). A number of statistical tests have been introduced to test departures of from the neutral null hypothesis. These tests are based on contrasts between pairs of different estimators for , . Thus for example, the test of Tajima (2) examines the difference between based on the number of segregating sites versus the average number of pairwise differences taken over the sequence sample. Analogous tests based on various other contrasts have been introduced (3) (4) (5) . Simonsen et al. (6) conducted a number of simulations to assess the power of these test statistics under well-defined alternative hypotheses that included (i) a selective sweep, (ii) a population bottleneck, and (iii) population subdivision. They found that the power to reject the null hypothesis of neutrality is limited for samples of fewer than 50 sequences.
In an important paper, Charlesworth et al. (7) considered the role of linkage and the flux of deleterious mutations on the shape of the distribution of neutral nucleotide site diversity. This simulation study was motivated by the observation that regions of reduced recombination in Drosophila tend to also be regions of low polymorphism (8) . One potential explanation for this observation is that a selective sweep will influence nucleotide site diversity at distances proportional to s͞r [where s is the selective intensity and r is the recombination fraction (9)]. Charlesworth et al. (7) showed that selection against a flux of deleterious mutations (background selection) could also lead to reductions in in regions of low recombination. In addition, Charlesworth et al. (7) considered the interaction of self-fertilization with background selection and concluded that neutral nucleotide site diversity is expected to be reduced in species with high selfing rates (Ͼ80%).
Empirical studies of gene genealogies in plant species are still in their infancy. Most of the published work has concentrated on genes coding for a single glycolytic enzyme, alcohol dehydrogenase (Adh; alcohol:NAD ϩ oxidoreductase, EC 1.1.1.1). Alcohol dehydrogenase is an important enzyme in anaerobic metabolism and it is usually coded by a small multigene family in flowering plants. The adh1 locus of maize has 9 introns and 10 exons and comprises about 3.4 kb of DNA sequence when upstream anaerobic regulatory signals are included (10) . In grasses there are two or three Adh loci. adh1 and adh2 originated by duplication prior to the origin of the grass family (11) . A third Adh locus is observed as a subsequent duplication in some grass lineages [e.g., Hordeum, where adh3 is a relatively recent duplicate of adh2 (12) ].
DNA sequence diversity has been studied in a very small number of plant species to date. These studies have concentrated on the agronomic crops maize [Zea mays (13, 14) ] and pearl millet [Pennisetum glaucum (15) ]. Studies of Adh sequence diversity have also been published for Arabidopsis thaliana (16, 17) [where only a single Adh locus has been reported (18) ], Arabis gemmifera (19) , and Dioscorea tokoro (20) . Sample sizes have usually been small, and some studies have sample sizes below 10, so it is not surprising that the null hypothesis of neutrality is usually accepted.
The current investigation was initiated to (i) examine the background selection hypothesis by studying a predominantly self-fertilizing grass species that could be contrasted to the two outcrossing (wind pollinated) grass species already investigated, and (ii) increase statistical power by sequencing a large sample of adh1 genes drawn from throughout the species range. The species selected for study is Hordeum vulgare ssp. spontaneum, or wild barley, a diploid species with seven chromosomes. Wild barley is the progenitor of cultivated barley, H. vulgare ssp. vulgare, and is distributed in the Fertile Crescent and more broadly through southwestern Asia. Wild barley is a predominantly self-pollinated species with an average outcrossing rate of approximately 1.6%, with individual population estimates rarely exceeding 5% (21); thus wild barley conforms to the conditions favoring background selection. Previous studies of isozyme variation show relatively high levels of polymorphism in wild barley (21) , and studies of chloroplast DNA (cpDNA) variation (22-24) also reveal relatively high levels of cpDNA diversity compared with most plant species studied (reviewed in ref. 25) .
We report total estimates of for wild barley that are very similar to those obtained for the outcrossing grass species Pennisetum glaucum. However, when the estimates are partitioned into nonsynonymous changes versus synonymous or intron site differences, a remarkable pattern emerges. The null hypothesis of neutrality is rejected for all tests based on nonsynonymous differences, owing to a large excess of unique polymorphisms in this class of sites. In contrast, the synonymous and intron site differences do not reject the null hypothesis. This pattern appears to be consistent with very weak selection against most amino acid changes, but the effect of background selection is not detectable at synonymous or intron sites.
MATERIALS AND METHODS
Plant Materials. Seeds of wild barley, H. vulgare ssp. spontaneum, were obtained from the U.S. Department of Agriculture, Agricultural Research Service, National Small Grains Collection (Aberdeen, ID). The materials were drawn from throughout the natural geographic range of the species (Table  1) . Seeds were germinated and greenhouse grown in 1 gallon (US) plastic pots filled with a nutrient supplemented sand and peat moss mixture. Leaf material from individual plants was harvested and DNA was prepared by using a standard protocol (26) .
PCR and Sequencing. Templates for DNA sequencing were generated by using a two-step nested primer amplification procedure and standard PCR mixes (27) . An initial amplification was conducted by using primers corresponding to sequence in exon 2 (F2, 5Ј-TACTTCTGGGAGGCCAAGG-3Ј) and 3Ј noncoding region (3P4R, 5Ј-GCGAAACCGCA-GACGAT-3Ј). The portion of this initial amplification product was used as the template for the second amplification by using primers nested within the first primers and corresponding to sequence in exon 4 (Adh322F, 5Ј-AGTGGAGAGTGTTG-GAGAGGGCG-3Ј) and 3Ј noncoding region internal to 3P4R (3P3R, 5Ј-GCCATCAGAAGCACTTG-3Ј). The PCR conditions for both amplification steps consisted of initial denaturation of 2 min at 95°C followed by 40 cycles of 1 min at 94°C, 2 min at 42°C, and 4 min at 72°C. This amplification procedure is specific for adh1.
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Sequences were aligned with the program CLUSTAL W (28). The program SITES (29) was used for polymorphism analysis and coalescent-based estimation of recombination rates where applicable. In those cases where there were no incompatible sites apparent recombination rate was zero. This finding was confirmed by parsimony analysis of polymorphic sites and observing a consistency index of zero for the best tree. Parsimony analyses were done by using PAUP (30) . Tests of neutrality and determination of their associated significance were done by using the programs of Fu (5).
RESULTS
Nucleotide Sequence Polymorphism. DNA sequence was determined for all 45 samples ( Table 1 ). The region sequenced was 1,362 bp in length, including 786 bp of exon sequence (part of exon 4, all of exons 5-9, and part of exon 10) and 576 bp of intron sequence (all of introns 4-9). There were 19 sites polymorphic for nucleotide substitutions, 11 in exons and 8 in introns (Table 2 ). There is little apparent bias toward transitions, as there are 10 transitions and 9 transversions observed. Of the 11 nucleotide substitutions in codons, 4 were synonymous and 7 were nonsynonymous. The substitutions in introns occurred in a range of frequencies in the sample of 45 sequences: 1 polymorphism in 21͞45 sequences, 1 polymorphism in 9͞45 sequences, 2 polymorphisms in 3͞45 sequences, 1 polymorphism in 2͞45 sequences, and 3 polymorphisms were unique in the sample. The synonymous substitutions exhibit a similar range of frequencies: 1 polymorphism in 14͞45 sequences, 1 polymorphism in 9͞45 sequences, and 2 polymorphisms were unique in the sample. In contrast, all 7 nonsynonymous substitutions were unique in the sample.
All but one of the nonsynonymous substitutions were nonconservative with regard to simple biochemical classification of amino acids (i.e., polar, nonpolar, acidic, basic, aromatic, and cysteine). A similar pattern of bias toward nonconservative substitutions is seen for Arabis gemmifera. Comparison to ADH amino acid sequences from a number of plants (31) shows some amino acid polymorphisms in H. vulgare ssp. spontaneum are at sites that vary across a wide range of angiosperms, but several are at sites conserved across other plant taxa.
The four distinct insertion͞deletion events were restricted to the introns, and these events include three involving 1 bp and one involving 11 bp. The nucleotide substitutions and insertion͞deletion events defined 19 haplotypes ( Fig. 1 and Table  1 ). No more than seven mutations separate any two haplotypes.
Intraspecific Sequence Diversity Tests of Neutrality. A number of tests have been developed to determine significant departures from neutral evolution of sequence data. Several of the tests are based on the difference between independent estimates of nucleotide polymorphism, , which is equal to 4N e , where N e is the effective population size and is the mutation rate per generation. The test statistic of Tajima (2), represented by T here, is the difference between based on the number of segregating sites in a sample (S n ) and based on the average number of pairwise differences between sequences (). The test statistics of Fu and Li (3) are D*, the difference between based on S n ; , based on the number of singletons (external mutations) in a sample ( s ); F*, the difference between based on ; and based on s . The expected difference between all these estimates of is zero for a neutral drift-mutation process at equilibrium. Another test statistic is that of Fu (4), F s , which is based on the probability of k alleles in a sample conditioned on a given value of based on .
We have applied these tests to the wild barley adh1 data and determined their associated significance levels (Table 3) by using the program of Fu (5) . Partitioning the data into groups Estimates of Effective Population Size. If a specific mutation rate, , is assumed, then estimates of can be used to estimate N e , the effective population size, by using the equation N e ϭ ͞4. We have estimated N e by using a mean synonymous substitution rate estimate for Adh in the grass family of 6.5 ϫ 10 Ϫ9 (11) . Estimated effective population size for H. vulgare ssp. spontaneum based on synonymous sites is moderately less than that estimated for Pennisetum glaucum and fairly similar to Arabidopsis thaliana and Arabis gemmifera ( Table 4 ). The estimated effective population size for Zea spp. is an order of magnitude larger than the other species. All species display relatively large estimated effective population sizes (Ͼ10 5 ), despite a history of strong selection for domestication for a few of the species.
Estimates of Recombination. One motivation for examining adh1 evolution in H. vulgare ssp. spontaneum is because it is a predominantly self-fertilizing plant, in contrast to many other plants that have been examined, which are predominantly outcrossing. One implication of selfing is that the apparent recombination rate should be greatly reduced compared with outcrossing plants. Although recombination may occur, the resulting recombinant products are usually identical to the prerecombination states because of the greatly decreased heterozygosity associated with selfing. In keeping with this expectation, the estimate of 4N e C͞bp (where C is recombination rate) for H. vulgare ssp. spontaneum is zero (Table 5) . Both Pennisetum and Arabis also show an absence of apparent recombination in Adh. In contrast, Arabidopsis shows evidence of moderate recombination as previously noted (17), and Zea shows evidence for more recombination (ref. 13; Table 5 ).
DISCUSSION
The central result of this investigation is the fact that the barley data reject the null hypothesis of a pure drift mutation process based on all available statistical tests. When the data are partitioned into nonsynonymous versus synonymous and intron sites, the departures from the null hypothesis are accounted for by an excess of singleton amino acid replacements. In contrast, the distribution of synonymous and intron polymorphisms conform with neutral expectations. What processes are most likely to account for this pattern?
Recovery from a population bottleneck or a recent demographic expansion are both expected to lead to a transient excess of rare variants, but this would be true for all sites (synonymous and nonsynonymous) and consequently this explanation does not appear consistent with the observed data. Similarly, a selective sweep is not consistent with the distribution of synonymous and intron polymorphism because the recovery from a selective sweep would appear indistinguishable from recovery from a bottleneck for the region associated with a single locus. These two hypotheses are only distinguishable when estimates of based on genes from different regions of the genome are compared. This result follows from the fact that a bottleneck would affect all loci, whereas the impact of a selective sweep would be confined to a region associated with the locus that had been subject to positive selection.
The hypothesis that deserves serious consideration is the background selection hypothesis. It is instructive to briefly review the salient features of the background selection hypothesis. The parameters chosen for the simulations of Charlesworth et al. (7) were based on the best estimates of whole chromosome selection and mutation rates in Drosophila. The simulations reveal that the distribution of neutral sites can be skewed toward an excess of rare alleles owing to their linkage association with negatively selected mutations. This effect is dependent on suitably low values of recombination. The background selection effect was also shown to be exacerbated when the frequency of self fertilization exceeded Ϸ75%. How do these predictions conform to the observed barley data?
Several features of the data appear to be consistent with the background selection hypothesis. (i) Background selection is expected to be amplified in predominantly self-fertilizing species (7). (ii) There is no evidence for recombination within the barley adh1 sequences (consistent with a high frequency of self-fertilization). (iii) The amino acid replacements in the sample are all unique, as would be expected with weak negative selection. However, four additional features of the data need to be considered in concluding that selection against deleterious mutations is the primary determinant of the observed distribution of nonsynonymous changes: (i) there are nearly twice as many nonsynonymous polymorphisms as synonymous polymorphisms in the sample (seven versus four); (ii) there appears to be no restriction on the kinds of amino acid changes accepted (polar, nonpolar, acidic, basic, etc.); (iii) the frequency of deleterious genes in highly homozygous species should be very low [approximately ͞s, where s is the selection coefficient (32)]; and (iv) the estimates of effective population size are relatively large (approximately 10 5 ), so very small selective values should be effective (s Ϸ 10͞N e Ϸ 10
Ϫ4
). These observations point to very weak negative selection on the amino acid replacements at nonsynonymous sites. The mere fact that 7 nonsynonymous changes were observed in a sample of size 45 implies either very weak selection or some force favoring rare variants. (A force favoring rare variants seems to us unlikely in view of the promiscuous acceptance of amino acid replacements.)
Why is the distribution of synonymous and intron sites not perturbed toward a significant excess of rare alleles as would be predicted by the background selection hypothesis? In addressing this question, it is important to note that the observed data pertain to a very limited region of the chromosome (1,362 bp) rather than to whole chromosomes as was the case for the simulations of background selection (7) . One conclusion that is consistent with the data is that there may be a background effect, because T is negative for synonymous and intron sites as predicted, but it is too weak to lead to a significant perturbation in the distribution. This result would Evolution: Cummings and Clegg Proc. Natl. Acad. Sci. USA 95 (1998) appear to suggest rather weak selection at the whole chromosome level. A second possible explanation arises from the consideration that different chromosomal regions may be affected by different patterns of selection. Because of the very reduced levels of recombination in self-fertilizing species, the observed data represent an integration of the selective forces that affect loci over most of the chromosome. As a consequence, the factors that determine sequence diversity at adh1 in barley may be well outside the window of observation. Put differently, the dynamic at adh1 may be influenced by selection at other loci on the same chromosome, but at a considerable distance from adh1. This explanation would also help to account for the surprisingly large number of the amino acid replacements detected in the sample, because selection at the adh1 locus may be moderated by selection operating at other chromosomal loci, but in opposing directions. A particularly intriguing aspect of Table 3 is the similarity in test statistics between barley and Arabis gemmifera. Both of these self-fertilizing species exhibit a significant departure from the neutral null hypothesis owing to an excess of singleton amino acid replacement polymorphisms, and both show no significant departure from the null hypothesis for nonsynonymous sites. In addition, Arabidopsis thaliana, with evidence of only moderate outcrossing (compared with maize), shows negative test statistics (although nonsignificant), suggesting an excess of rare variants. Taken together these data appear to provide convincing support for the background selection hypothesis.
Comparisons between barley adh1 diversity and that of other plant species reveals moderately low values of , but not dramatically below that of most other plants so far investigated. Thus the effect of background selection and self-fertilization on reducing N e and hence are not dramatic (33) . Taken in toto, the collection of studies of adh1 sequence diversity in plants provides little support for positive selection maintaining nucleotide sequence diversity in outcrossing or in selffertilizing species. It will be important for future studies of plant nucleotide sequence diversity to focus on a wider set of other genetic loci to ask whether the processes affecting different loci are heterogeneous within genomes and lineages. It is only through careful empirical comparisons of diverse sets (2) , represented here by T, is sometimes represented by D. ‡, Denotes 0.050 Ͼ P Ͼ 0.005 and § denotes P Ͻ 0.005, except for Fs, where ‡ denotes 0.020 Ͼ P Ͼ 0.002 and § denotes P Ͻ 0.002 (5). 
